P14 mice, whereas effector and memory P14 CD8 T cells not immediately cytotoxic ex vivo and did not contain high levels of Granzyme B (Figures 1C-1F)
. were generated by adoptive transfer of either Thy1.2 ϩ or Thy1.1 ϩ P14 splenocytes into C57BL/6 (Thy1.2 ϩ ) mice that were subsequently infected with LCMV-Armstrong.
Gene Expression Profile of Effector CD8 T Cells
To analyze the first phase of CD8 T cell differentiation Pure populations of "resting" naïve, effector, and memory P14 CD8 T cells were isolated using FACS based (naïve → effector CD8 T cell), gene expression patterns were compared between naïve and d8 effector P14 CD8 on either (1) CD8 ϩ and D b GP33-41 MHC class I tetramer or (2) CD8 ϩ and Thy1.1 ϩ staining (Figure 1 ). T cells on DNA microarrays from Incyte Genomics and Affymetrix that contain ‫007,8ف‬ and ‫004,21ف‬ murine Effector CD8 T cells were isolated eight days postinfection (d8 p.i.), at the peak of the effector CD8 T cell genes, respectively. The relative abundance of specific transcripts from each cell type was quantitated and a response, and memory CD8 T cells were isolated at least 40 days p.i. Naïve P14 CD8 T cells were CD44 lo , CD62L hi , differential expression ratio was calculated. Genes that had been previously identified or were highly similar CD122 lo , and CD43 lo and did not immediately produce IFN-␥ or cytotoxic molecules, whereas d8 effector cells to known genes were putatively assigned to functional categories (Table 1 ). An expanded version of Figure 1C ). It remains to be determined tion that may contribute to the effector cell apoptosis when this locus becomes silenced following infection that will occur over the proceeding days. Additionally, and why two mechanisms exist to decrease L-selectin a decrease in cytokines coincides with viral clearance levels, but together these data highlight the importance and this deprivation may induce an energetic crisis that of maintaining low L-selectin levels on effector cells. leads to decreased protein synthesis (Rathmell et al., The mRNAs of several other membrane-spanning or 2001).
GPI-linked proteins, whose functions have not been fully
Finally, a few genes predicted to impact mitochondrial defined, were increased in effector cells; these included function were differentially expressed between effector CD97, Ly116 (chandra), Glvr-1 and Ly-6A/E, Ly-6C, and and naïve CD8 T cells, possibly illuminating differences Thy-1 (Table 1 , Membrane proteins). The role of Ly-6C in their respiratory capacity. Genes encoding several and Ly-6A/E in T cell function is not clear and interestglycolytic enzymes, the mitochondrial uncoupling proingly, the responses of T cells deficient of GPI-linked tein 2, and glutathione reductase were upregulated in proteins including Thy-1, Ly-6A, and Ly-6C did not apeffector cells as well as genes encoding three subunits pear to be affected in vitro or in vivo (Takahama et al., of mitochondrial complex I NADH dehydrogenase (Table  1998) .
1, Energy metabolism). Killing of infected cells is a critical effector CD8 T cell
In summary, the above data confirm that multiple celfunction that is mediated by the release of perforin and lular processes are involved in the differentiation of naïve granzymes. Expression of perforin and granzymes A, B, CD8 T cells into effector cells. Most notably, genes in-D, and K mRNA was highly elevated in effector CD8 T volved in signal transduction, actin regulation, cell adhecells compared to naïve cells (Table 1, T cell effector sion/migration, and translation were altered during effecfunctions). For granzyme B, this correlated with intor cell development. Finally, given the recent attention creased protein levels as observed by Western blotting of L-selectin expression on subsets of antigen-specific ( Figure 1F ). The expression levels of other CD8 T cell CD8 T cells, this study found that reduced surface exeffector molecules, such as IFN-␥, RANTES, and Fas pression of L-selectin correlated with decreased mRNA ligand were also increased (Table 1) . levels in effector CD8 T cells. We also observed that the mRNA levels of many genes encoding signaling molecules were elevated in effector Memory CD8 T Cell Gene Expression Profile CD8 T cells. Most of these genes could be placed into During the second phase of a CD8 T cell immune reseveral well-characterized signal transduction pathsponse, the majority of the effector cells die, but those ways-(1) TCR signaling, such as CD45 phosphatase, grb-2, lck, fyn, lck-interacting adaptor protein (LIME), that survive constitute the pool of memory cells. Memory perforin, and granzymes B, K, and M were substantially was selectively upregulated in memory CD8 T cells as higher in memory cells than in naïve cells (Table 1) Gene Expression Profiles Several genes involved in signal transduction were Since effector and memory P14 CD8 T cells were comelevated in memory CD8 T cells. Indeed, the expression pared to the same reference naïve P14 CD8 T cell popuof some of these genes were similarly increased in eflation, the similarities and differences between effector fector cells, such as calcyclin, fyn, lck, racGAP1, LIME, and memory cell gene profiles could be assessed by PEP phosphatase, annexin A2 and A6, and STAT4 (see aligning the differentially expressed genes. This created Table 1); however, other genes were preferentially found a set of ‫053ف‬ genes that were differentially expressed in memory CD8 T cells, such as members of the p38 at least 1.7-fold in either effector or memory CD8 T cells and jun kinase (JNK) signaling pathways MKK4, Ier-2, as compared to naïve cells. Of this set of genes, ‫%03ف‬ junB, fos, and ATF-2. Recent antigen contact is an unwere commonly upregulated in both effector and memlikely cause of the increased expression of these genes, ory CD8 T cells (see Table 1 and Supplemental Data, but growth factors, cytokines, or other stimuli may play Figure S2 and exist by the peak of the CD8 T cell response. To examine these models more closely, we first inspected whether virus-specific CD8 T cells that can give rise to memory
Changes in Gene Expression between Effector and Memory Cell Stages

CD8 T cells exist by d8 p.i. As shown in Figure 3, LCMVspecific CD8 T cells were purified at d8 p.i., labeled with The above proposal led us to examine how gene expression patterns change over the weeks following infection CFSE, and transferred into naïve mice. The kinetics of effector cell contraction in the recipients mirrored that when memory cells form. Thus, P14 CD8 T cells were isolated at the peak of the immune response (d8 p.i.), seen normally; that is, ‫%07-%05ف‬ of the donor cells died within the first week and ‫%02-%01ف‬ became longduring the death phase (d15 and d22 p.i.), and after formation of a memory CD8 T cell population (d40ϩ p.i.).
lived memory cells by one month posttransfer. The memory cells that arose from the transferred d8 effector mRNA from these populations was compared to that of naïve P14 cells to identify genes that were differentially CD8 T cells were indistinguishable from those generated normally based on expression of surface markers and expressed during this time period. A K-means clustering algorithm was used to identify coordinately regulated cytokines and could protect against viral rechallenge with the virulent strain of LCMV-clone 13 ( Figure 3B and genes and six major patterns were observed (Figure 2) . Several of the genes placed into each group are listed data not shown; Kaech and Ahmed, 2001). In combination with similar results from other antigenic systems, in Table 2 , but a complete list can be found in the Supplemental Data (Table S6 available Table 2 ) contained genes that tended to be most highly expressed at d8 p.i., but their expression CFSE fluorescence in the transferred d8 effector population 1, 11, and 30 days after transfer ( Figure 3C ). Interestgradually decreased over the next several weeks to the level in memory cells. Perhaps, this reflects a global ingly, we observed minimal to no division of this cell population within one months time; more than 90% of reduction in transcriptional activity associated with memory CD8 T cell development. This group included the memory cells generated from the transferred d8 population had not divided ( Figure 3C ). This showed that granzyme B, CCR2, CD11c, Ly-6C, and Ly-6A/E. Group 3 displayed genes that remained downregulated in antithe memory CD8 T cell population does not arise from a small subset of effector cells that expand during the gen-specific CD8 T cells following infection and included the transcription factor LEF-1, T cell-specific death phase. Rather, the memory CD8 T cells descend directly from effector cells. This is similar to that recently GTPase, and sialytransferase-1. Groups 4, 5, and 6 included genes that displayed more dynamic patterns reported for development of the memory CD4 T cells (Hu et al., 2001 ). during the effector to memory transition period. In group 4, the gene expression levels showed minimal change It has not been carefully determined when fully functional memory CD8 T cells develop during an immune at d8 but then increased at days 15-22 p.i., whereas in groups 5 and 6 the expression levels initially decreased response. formed, we examined when virus-specific CD8 T cells days later ( Figure 3D ). As expected, memory CD8 T cells from d40 p.i. divided substantially within the month began to exhibit two quintessential memory cell qualities-the ability to proliferate in response to homeostatic whereas cells from d8 p.i. divided minimally. Interestingly, cell division was seen in the population of cells signals and the ability to rapidly proliferate and survive in response to antigenic signals.
transferred from d15 and d22 p.i., demonstrating that between days 15-22 p.i. antigen-specific CD8 T cells Impaired Homeostatic Proliferation in Effector CD8 T Cells acquire the property to undergo homeostatic proliferation. This indicated that at d8 p.i., the memory cell preMemory CD8 T cells can undergo homeostatic proliferation that is regulated by cytokines such as IL-15 and cursors are initially unresponsive to homeostatic proliferative signals, but over the next 2-3 weeks they become IL-7 (Jameson, 2002). As shown in Figure 3C , the d8 effector cell population showed minimal to no proliferaresponsive. Effector and memory cells display similar levels of IL-15R␣ chain; therefore, this may not account tion after transfer into naïve mice suggesting that memory cell precursors present at d8 p.i. cannot respond to for their proliferative differences ( contact with antigen, memory CD8 T cells divide rapidly Every week after adoptive transfer serum viral titers were quantitated. In carrier mice that received adoptive imand extensively to generate a second burst of effector cells. Therefore, we examined when following an acute mune therapy using memory CD8 T cells, viral titers plummeted within two weeks and were maintained at viral infection antigen-specific CD8 T cells display a memory cell-like proliferative capacity in response to undetectable levels ( Figure 4B ). In contrast, carrier mice that received adoptive immune therapy using cells from antigen.
First, we compared the capacity of P14 CD8 T cells d8 p.i., viral titers initially decreased, indicating effector functions were intact, but virus was not controlled and from mice infected 8, 15, 22, or Ͼ40 days previously to proliferate to antigen in vitro. P14 CD8 T cells were levels eventually returned to that seen prior to transfer ( Figure 4B) . A similar outcome was observed when d14 labeled with CFSE and stimulated with antigen-presenting cells (APCs) pulsed with GP33-41 peptide for 72 hr. cells were transferred ( Figure 4D ). d22 cells, on the other hand, could control the virus in most carrier mice, but This showed that memory P14 CD8 T cells (d40 ϩ p.i.) divided the most extensively, whereas d8 and d15 cells not all (data not shown). If d8 and memory cells were cotransferred into carrier mice, the virus was cleared divided the least and d22 cells showed an intermediate pattern ( Figure 4A ). The progeny of stimulated memory rapidly, thus, eliminating the possibility that a second population of "regulatory" cells existed at d8 p.i. that cells (d40 ϩ p.i.) also survived better in culture than did those of d8 effector cells. Typically, cultures containing inhibited effector CD8 T cell function ( Figure 4B ). In summary, these experiments demonstrate that d8 and memory P14 CD8 T cells expanded ‫-6ف‬fold, whereas those containing d8 cells dropped ‫-3ف‬fold despite the d15 effector CD8 T cells do not sustain effector functions as well as memory CD8 T cells (d40 ϩ p.i.) in response observed proliferation (data not shown). These results indicated by d40 p.i., and to an extent by d22 p.i., the to antigen in vivo. CFSE-negative indicating they had divided at least 7-10 fore, if a functional memory CD8 T cell population had existed by d8 p.i., then ‫2-1ف‬ ϫ 10 6 memory cells (5%-times (data not shown); whereas, the d8 effector cells expanded minimally or not at all ( Figure 4C) . Thus, by 10% of 20 ϫ 10 6 ) would have been transferred, and this should have been sufficient to control viremia since as day 40 p.i., the LCMV-specific CD8 T cells could proliferate and survive in response to antigen in vivo, and confew as 0.5 ϫ 10 6 LCMV-specific memory CD8 T cells from d40ϩ p.i. were required. This strongly suggests sequently, control viral loads, whereas these properties were not exhibited by d8 p. Figure 4D , ‫-04ف‬fold more cate to the nucleus where they activate transcription factors involved in cell cycle regulation and effector cell LCMV-specific effector CD8 T cells were transferred than memory cells into carrier mice (20 ϫ 10 6 versus differentiation. The ability of P14 CD8 T cells to activate ERK1/2 at different times postinfection was assessed 0.5 ϫ 10 6 ) and still the effector cell population was strikingly ineffective at reducing viral levels in vivo. Thereby flow cytometry using antibodies that specifically rec- 5B) . In contrast, a smaller percentage of d8 effector cell development are described in Figure 6B . In the first model, functional memory CD8 T cells are generated in cells contained high levels of pERK1/2 and the mean fluorescent intensity (MFI) was substantially lower, indithe presence of antigen and exist by the peak of the CD8 T cell response (e.g., d8 p.i. with LCMV). These cating that on a per cell basis d8 cells contained fewer pERK1/2 molecules than memory cells. In addition, d8 fully formed memory cells then selectively survive the death phase and are maintained. The second model procells did not sustain pERK1/2 levels as well as memory cells. The signaling capacity of d15 cells more closely poses memory cell precursors are generated during the expansion phase but initially do not display functional resembled that of d8 cells, whereas d22 cells behaved more like memory cells. A very similar trend was obmemory cell traits. Several weeks following antigen clearance, however, the cells gradually acquire memory served when P14 CD8 T cells from days 8, 15, 22, and Ͼ40 p.i. were stimulated with GP33-41 peptide in cell properties. Our study heavily supports the latter model because vitro (Figures 5C and 5D) . Combined, these data suggest that d8 effector CD8 T cells can not phosphorylate several of the salient memory cell properties examined here were not exhibited by the virus-specific CD8 T differences between "early" (d9) and "late" (d30) LCMVspecific CD8 T cells (Johnson and Cole, 1975 ; Volkert cells until several weeks following infection. Although d8 effector cells were cytolytic and could secrete IFN-␥, et al., 1974). Our present study now provides a cellular and molecular basis for the differential behavior of antitheir ability to survive, to proliferate in response to antigenic and homeostatic signals, and to activate ERK1/2 gen-specific CD8 T cells at these two time points. A detailed explanation for the behavioral differences bewas impaired compared to memory CD8 T cells (d40ϩ p.i.). By d22 p.i., the cells behaved more like memory tween these two cell populations is provided by our results that indicated that at d8 p.i. memory cell precurcells indicating that memory cell qualities were being acquired between days 8-22 p.i. Another memory CD8 sors exist but they do not display all memory cell attributes. T cell phenotype that is gradually acquired is the heightened expression of the anti-apoptotic molecule Bcl-2.
Similar to memory CD8 T cells, naïve cells display a high capacity to proliferate and to activate ERK1/2 (data Bcl-2 levels are low in LCMV-specific effector CD8 T cells at d8 p.i., but increase by day 40 p.i. 
